Background: Laccases are copper-containing enzymes which have been used as green biocatalysts for many industrial processes. Although bacterial laccases have high stabilities which facilitate their application under harsh conditions, their activities and production yields are usually very low. In this work, we attempt to use a combinatorial strategy, including site-directed mutagenesis, codon and cultivation optimization, for improving the productivity of a thermo-alkali stable bacterial laccase in Pichia pastoris. Results: A D500G mutant of Bacillus licheniformis LS04 laccase, which was constructed by site-directed mutagenesis, demonstrated 2.1-fold higher activity when expressed in P. pastoris. The D500G variant retained similar catalytic characteristics to the wild-type laccase, and could efficiently decolorize synthetic dyes at alkaline conditions. Various cultivation factors such as medium components, pH and temperature were investigated for their effects on laccase expression. After cultivation optimization, a laccase activity of 347 ± 7 U/L was finally achieved for D500G after 3 d of induction, which was about 9.3 times higher than that of wild-type enzyme. The protein yield under the optimized conditions was about 59 mg/L for D500G. Conclusions: The productivity of the thermo-alkali stable laccase from B. licheniformis expressed in P. pastoris was significantly improved through the combination of site-directed mutagenesis and optimization of the cultivation process. The mutant enzyme retains good stability under high temperature and alkaline conditions, and is a good candidate for industrial application in dye decolorization.
Introduction
Laccases (EC 1.10.3.2) belong to the multicopper oxidase family, a group of enzymes that are widespread in plants, fungi and bacteria. These enzymes contain four copper ions in their active site, which can be classified into three types according to their unique spectroscopic features [1] . Laccases can oxidize a wide range of organic compounds coupled with the four-electron reduction of molecular oxygen to water. Attributing to their low substrate specificity, laccases have been used as green biocatalysts for many industrial processes [2] . Recently, bacterial laccases have attracted much more interests due to their high stabilities under harsh conditions. Nevertheless, their activities and production yields are usually too low to achieve the requirements of industrial applications [3] .
Recombinant production of enzymes in easily cultivable hosts may overcome this obstacle through the use of strong promoters, multiple gene copies, efficient signal peptide and optimized cultivation conditions [4] . Moreover, protein engineering can be employed to improve enzyme properties or product titers by site-directed or random mutagenesis [5] . Escherichia coli is the most commonly used host for heterologous protein expression. Although laccases from different bacterial sources have been expressed in E. coli, the recombinant enzyme often forms insoluble aggregates which are difficult to refold and purify [3] . The methylotrophic yeast Pichia pastoris is another widely used expression system for heterologous protein production. It can be grown to high cell densities and produce high titers of recombinant protein, most of which are produced in a secreted form [6] . The secretion of properly folded proteins offers a way to avoid the need for high-cost and low-yielding cell disruption or refolding process, and therefore simplifies the downstream processing.
Previously, we have successfully expressed several thermostable laccases from Bacillus sp. in P. pastoris [7, 8, 9] . Since the foreign protein expression in P. pastoris is affected by a variety of factors at both genetic and culture level, there is still potential to increase productivity of these recombinant laccases [6, 10] . In this work, combined strategies, including site-directed mutagenesis, codon and cultivation optimization, were used to improve the expression level of B. licheniformis laccase in P. pastoris. Biochemical characteristics and dye decolorization ability of the mutant enzyme were also investigated.
Materials and methods

Materials
2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonate) (ABTS), reactive blue 19 (RB19), reactive black 5 (RB5), indigo carmine (IC) and acetosyringone (ACE) were all Sigma-Aldrich products (St. Louis, MO, USA). Fast Mutagenesis System was obtained from TransGen (Beijing, China). Gel Extraction Kit and Plasmid Mini Kit I were purchased from Omega Bio-Tek (Norcross, GA, USA). Restriction enzymes and T4 DNA ligase were purchased from NEB (Ipswich, MA, USA). Zeocin was purchased from Invitrogen (Carlsbad, CA, USA). Other chemicals were of analytical reagent grade.
Microorganisms, plasmids and media
E. coli Top10 competent cells (Tiangen, Beijing, China) were used for subcloning procedures and were grown in Low Salt LB medium. Expression vector pPICZαA and P. pastoris SMD1168H were products of Invitrogen (Carlsbad, CA).
The recombinant plasmid pPICZαA/lac, which contains the laccase gene from B. licheniformis LS04, was previously constructed and transformed into P. pastoris SMD1168H [7] . Yeast extract-peptone-dextrose (YPD), buffered glycerol-complex (BMGY) and buffered minimal methanol (BMM) media were prepared following the manual of the EasySelect Pichia Expression Kit (Invitrogen).
Site-directed mutagenesis and codon optimization
The plasmid pPICZαA/lac was used as template for site-directed mutagenesis [7] . A mutant D500G was constructed by PCR using Fast Mutagenesis System according to the supplier's protocol. For creation of the variant, the following primers were used: D500G-F 5′-GAGCAC GAAGATTACGGTATGATGCGCCCTCT-3′ and D500G-R 5′-CCGTAATCTTC GTGCTCAAGGATGTGGCAGT-3′. The PCR products were digested by DMT enzyme and transformed into E. coli Top 10. The mutant plasmid was confirmed by DNA sequencing, and then transformed into P. pastoris SMD1168H as formerly described by Lu et al. [7] .
The sequence of mutant D500G was further optimized based on the codon usage bias of P. pastoris. The codon-optimized gene containing the restriction sites EcoRI and XbaI was designed by OptimumGene and synthesized by Genscript (Nanjing, China). Then it was cloned into pPICZαA for expression in P. pastoris.
Homology modeling was performed using the SWISS-MODEL Server (http://swissmodel.expasy.org/). CotA protein from B. subtilis (PDB ID: 1W8E) that showed 65.87% identity to B. licheniformis laccase was used as template.
Enzyme assay
Laccase activity was measured at 30°C using ABTS as substrate [7] . The oxidation of ABTS (1 mM) were measured at 420 nm (ε 420 = 36,000 M -1 cm -1 ) in 0.1 M citrate-phosphate buffer (pH 4.6). One unit of enzyme activity was defined as the amount of enzyme required to oxidize 1 μmol of substrate per minute. All assays were carried out in triplicate.
Purification and characterization of the mutant
The positive transformants were grown in 25 mL BMGY medium at 30°C in a rotary incubator (200 rpm) until the OD 600 was approximately 2.0-6.0. The cultures were centrifuged (3000 × g at 4°C for 5 min), and the cell pellets were diluted with BMM medium supplemented with 0.2 mM CuSO 4 and 0.8% (w/v) alanine to an OD 600 of about 1.0. The flasks were cultivated at 30°C, 200 rpm, and 0.5% (v/v, final concentration) methanol was added daily to induce the production of recombinant laccase.
Purification of the mutant laccase was performed using ultrafiltration, anion-exchange chromatography, and gel filtration according to Chen et al. [9] . The optimal pH and temperature as well as pH and thermal stability of the mutant enzyme were determined as previously described by Lu et al. [7] .
Dye decolorization
The mutant laccase was tested for its ability in decolorization of three synthetic dyes with different structures (reactive blue 19, reactive black 5 and indigo carmine). The concentration of dyes was 100, 40 and 25 mg/L for reactive blue 19 (RB19), reactive black 5 (RB5) and indigo carmine (IC), respectively. Decolorization was conducted with 20 U/L of laccase in the absence or presence of 0.1 mM acetosyringone (ACE) [7] . The molar ratio of RB19:RB5:IC:ACE was about 1.6:0.4:0.5:1. Control samples were run in parallel without laccase. All reactions were performed in triplicate.
Cultivation optimization
The effects of various cultivation factors that may influence the expression level of laccase were investigated, including carbon sources, nitrogen sources, copper concentration, methanol concentration, medium pH, surfactants addition as well as cultivation temperature. One milliliter cultures were withdrawn after 3 d of methanol induction, and were centrifuged at 10000 × g for 3 min. Then the cell pellets were dried to a constant weight at 105°C for determination of dry cell weight (g/L). The supernatants were collected for laccase activity assay. All measurements were conducted in triplicate.
Results
Site-directed mutagenesis and codon optimization
The result of multiple sequence alignments of B. licheniformis laccase and other laccases indicates that Asp500 is a relatively conserved residue, with a glycine at the corresponding position in other non-Bacillus laccases [7, 11] . The variant D500G was constructed to investigate its effect on the expression level of B. licheniformis laccase in P. pastoris. The volumetric activity with ABTS as substrate reached 162 ± 10 U/L for D500G after 3 d of cultivation. Compared to the wild-type laccase produced under the same conditions (as mentioned in Section 2.5), replacing aspartic acid with glycine led to about 2.1-fold higher for laccase activity expressed in P. pastoris. The sequence of D500G mutant was further optimized for heterologous production in P. pastoris. According to the analysis of codon usage bias in P. pastoris, the native gene employs tandem rare codons that can reduce the efficiency of translation (Fig. S1 ). Total 433 nucleotides were substituted in the optimized sequence of D500G. The codon adaptation index (CAI) of the mutant gene was upgraded from 0.62 to 0.92, and the frequency of optimal codons was significantly increased after codon optimization (Fig. S2) . Besides, the optimization process included modifying some negative cis-acting sites as well as breaking several Stem-Loop structures. However, there was little variation in laccase activity of the supernatant when the optimized D500G was expressed in P. pastoris, indicating codon optimization had no apparent improvement on the productivity.
Enzyme characterization and dye decolorization
The purified mutant exhibited a slightly higher K m and k cat values than that of the wild-type ( Table 1 ). The pH profile against ABTS revealed a slight shift toward more alkaline values after mutagenesis, with a change in pH optimum from 4.2 to 4.6 (Fig. 1a) . Additionally, D500G displayed a higher stability at pH 9.0 than the wild-type enzyme during the first 3 d of incubation (Fig. 1b) . Both D500G and wild-type 04lac showed an optimal temperature at 70°C (Fig. 2a) . But a lower thermostability was found for the mutant, which demonstrated a half-life of inactivation at 70°C of about 1.8 h and retained about 29% of activity after 10 h at 60°C (Fig. 2b) . The mutant and wild-type exhibited similar decolorization ability toward the tested dyes at pH 9.0. Indigo carmine (IC) can be gradually decolorized in the absence of mediator, with about 76% and 72% decolorization after 6 h for the wild-type and D500G, respectively (Fig. 3a) . While no decolorization for reactive blue 19 (RB19) and reactive black 5 (RB5) was detected by laccase alone, the participation of acetosyringone (ACE) significantly improved the decolorization process. D500G could decolorize about 81% of RB5 and RB19 after 1 h, which was slightly lower than that of the wild-type laccase (Fig. 3b) .
Cultivation optimization
Recombinant protein production in P. pastoris is greatly influenced by culture conditions such as medium components, pH and temperature. Therefore, we optimized these factors through one-factor-at-a-time experiments, and the optimized conditions were cumulative through the results shown in Fig. 4 . The use of a multi-carbon substrate in addition to methanol is a widely accepted approach to improve protein yields in P. pastoris [12, 13] . Various carbon sources except the control were added into BMM medium containing 0.2 mM CuSO 4 and 0.8% alanine. Addition of 0.5% sorbitol, mannitol or trehalose significantly improved both cell growth and laccase activity, while addition of lactose had little effect on laccase production (Fig. 4a) . Maximal increase in laccase activity (57%) was observed when sorbitol was used as the co-substrate. The effects of a variety of nitrogen sources (1%) on expression of D500G are shown in Fig. 4b . Control without additional nitrogen supplementation was run in parallel. Yeast extract and peptone supported higher laccase activity and biomass, while the laccase activity was very low in urea or casamino acids containing medium. The addition of peptone resulted in approximately 32% increase in laccase activity in the extracellular medium (Fig. 4b) . When different concentrations of alanine (from 0 to 2%) were added at the beginning of induction, a drastic increase in cell density and laccase activity was obtained. Laccase activity declined when alanine concentration exceeded 1.2% (Fig. 4c) .
Cell growth was not obviously influenced by surfactants supplementation, while laccase expression level was inhibited in the presence of 0.01% SDS and NP-40. The addition of 0.1% Tween 20 or Tween 80 slightly increased laccase production (Fig. 4d) . Copper is an essential cofactor for laccase which plays a crucial role in the proper function of laccase. Compared with the absence of added copper, the addition of 0.2 mM CuSO 4 in the medium brought a 1.6-fold higher laccase activity. Copper concentration varying from 0.2 to 1 mM was found to have no toxic effects on cell growth, however, high copper concentrations resulted in reduced laccase production (Fig. 4e) . The influence of methanol concentration on recombinant laccase production was investigated in the range from 0.25 to 1.5%. As shown in Fig. 4f , the highest laccase activity reached 313 ± 11 U/L, by using 0.5% of methanol for induction. No inhibition effect on cell growth was observed when the concentration of methanol increased to 1.5%.
The medium pH and induction temperature are also very important for protein production. Laccase activity was slightly affected when the recombinant P. pastoris was grown in medium with intial pH from 5.5 to 6.5. Maximal laccase activity in the culture supernatants was detected at pH 6.5, and then it decreased with an increase of medium pH (Fig. 4g) . Although lowering the temperature caused an increase in biomass, laccase expression level gradually decreased. The optimal induction temperature for laccase production was 28°C, followed by 30°C and 26°C (Fig. 4h) . The optimized conditions for D500G expression were as follows: BMM medium (pH 6.5) was supplemented with 0.2 mM CuSO 4 , 1.2% alanine, 0.5% sorbitol, 1% peptone and 0.1% Tween 20, 0.5% methanol was used for protein production, and the cultures were incubated at 28°C, 200 rpm. A laccase activity of 347 ± 7 U/L was finally achieved after 3 d of induction, which was about 9.3 times higher than the previously reported result of the wild-type [7] . About 59 mg of D500G could be obtained from 1 L culture under the optimized conditions.
Discussion
The Asp500 in B. licheniformis laccase is adjacent to Met501, which is the axial ligand of the T1 copper site (Fig. 5) . It has been reported that substitution of this residue with glycine could facilitate the soluble expression of laccase in E. coli [11, 14] . Therefore, we performed site-directed mutagenesis to investigate the possibility of enhancing the yield of B. licheniformis laccase in P. pastoris. The laccase activity for D500G expression was 2.1 times higher than the wild-type. Considering there is a 1.2-fold increase in specific activity for the mutant (Table 1) , the actual improvement in expression level is about 1.8-fold. While the D500G mutant of B. licheniformis DSM13 laccase showed a similar increase in K m value, its specific activity was lower than that of the wild-type. The improvement in total activity of this D500G variant was mainly ascribed to a higher quantity of soluble protein expressed in E. coli [11] . Another D500G mutant of Bacillus sp. HR03 laccase displayed higher preference for ABTS than its parent type (54% decrease in K m ), and the 7.3-fold enhanced expression in E. coli was a result of an increase in both k cat and expression level [14] . Since P. pastoris displays a general bias toward a subset of codons, this may affect the heterologous gene expression in P. pastoris [15] . Generally, a CAI above 0.8 is regarded as good, in terms of high gene expression level. Codon usage analysis indicated that the native gene employs tandem rare codons, which may reduce the efficiency of translation. Although the codon usage frequency was enhanced by synonymous codon substitution, no distinct change in laccase activity was found after 3 d of cultivation, suggesting codon usage bias had little effect on the expression of D500G in P. pastoris. In contrast, a 2.4-fold higher activity for glucose isomerase expressed in P. pastoris was obtained by codon optimization [16] .
Since the wild-type 04lac is a thermo-alkali stable enzyme, we investigated the effects of mutagenesis on the stability of the enzyme. Overall, the D500G variant retained similar catalytic characteristics to the wild-type enzyme. However, a decrease in thermostability was found for D500G. The activity of wild-type laccase increased during the first 4 h-incubation at 60°C, whereas no evident thermal activation was observed for the D500G (Fig. 2b) . Heat activation is commonly reported for thermostable bacterial laccases, many of them undergo activation after short incubation at elevated temperatures [17, 18, 19] . For example, activity of laccases from Thermobaculum terrenum and Bacillus clausii increased up to about 200% within 20-60 min of incubation at 70°C [17, 18] . This phenomenon may be explained by the removal of possible inhibitory molecules from the enzyme active site or the formation of a more flexible and active conformation when the protein is incubated at increasing temperature [18, 19] . Moreover, the D500G mutant had a lower half-life of inactivation at 70°C than the wild-type. This negative effect was not observed for the D500G mutant of B. licheniformis DSM13 laccase, which exhibited similar stability at 70°C to its wild-type [11] . According to previous report, the wild-type laccase from B. licheniformis DSM13 remained 43% of activity after 1 h incubation at 70°C [20] . Therefore, the D500G in the present study showed a slightly higher half-life at 70°C compared to the D500G mutant of B. licheniformis DSM13 laccase. In general, there is a trade-off between enzymatic activity and stability, introducing mutations for enhanced activity is normally achieved at the cost of thermostability [21] . Homology model analysis suggests that an Asp-to-Gly substitution reduced the number of hydrogen bonds formed at position 500, which may explain the decrease of protein thermostability (Fig. 5b and c) .
Although the D500G variant could decolorize IC without mediator addition, the decolorizing activity was very low (less than 20% after 1 h). A significant improvement in decolorization occurred when ACE was used as mediator (Fig. 3) . Similar results have been reported for the D500G mutant of B. licheniformis DSM13 laccase, which displayed poor activity toward IC and could almost completely decolorize it with violuric acid as mediator [11] . The decolorization efficiency of RB19 was much lower than IC. In the presence of mediator, only 35% and 42% decolorization were achieved after 1 h for the D500G mutants from B. licheniformis LS04 and B. licheniformis DSM13, respectively [11] .
The strong and tightly regulated AOX1 promoter, which is fully induced upon the addition of methanol, is the most used promoter in heterologous protein production by P. pastoris. However, it can be severely repressed by common substrates like glucose and glycerol [6] . Mixed feeding of non-repressing carbon sources and methanol is an alternative to ensure good cell growth while inducing the expression of foreign protein. Several carbon sources such as sorbitol, mannitol, trehalose, and alanine have been reported to be used as co-substrates for increasing product titers [8, 12, 13] . All the tested carbon sources demonstrated a positive effect in increasing biomass and laccase activity except lactose, and sorbitol supported the highest increase in laccase productivity (Fig. 4a) . Sorbitol co-feeding during the induction phase can not only decrease cell specific oxygen uptake and heat production but also increase the induction level of AOX1
promoter [22] . The other benefits of sorbitol co-feeding strategy include enhancement of cell viability and decrease of proteolytic activity [23] . Despite alanine is less frequently used in mixed feeding strategy than sorbitol, it is very useful in expression of foreign proteins that are sensitive to acidic conditions. Alanine can serve as both carbon and nitrogen source for P. pastoris, which favors cell growth, and thus increases the production yield. Furthermore, the metabolism of alanine has positive buffering effects and can maintain the pH of medium for a long period of time [8, 13, 24] . As the laccase from B. licheniformis is not stable in acidic environment [7] , alanine addition greatly improved the expression level of the D500G mutant (Fig. 4c) . Similarly, alanine supplemented medium was found to be more efficient in producing shrimp trypsinogen by P. pastoris, which may be ascribed to improved cell viability and greater stability of the recombinant protein [13] . High concentration of alanine might create an imbalance between the protein synthesis and protein folding and secretion, and thus resulted in protein accumulation and proteolysis [25] . Therefore, a decline in laccase expression level was observed when the alanine concentration exceeded 1.2% (Fig. 4c) . Nitrogen limitation may lead to an increase in protease activity. Supplementation of amino acid-rich compounds, such as yeast extract or casamino acids, has been shown to have positive effects on protein production [12, 26] . These supplements may inhibit protease activity by acting as alternative and competing substrates and repress protease induction caused by nitrogen starvation [27] . Although addition of casamino acids facilitated the growth of P. pastoris, it negatively affected the laccase production (Fig. 4b) . This was possibly due to the instability of laccase in casamino acids supplemented culture or the inhibition effect of casamino acids on laccase expression, as there was little increase in laccase activity after the first day of induction.
Typically, an appropriate copper concentration in the medium is required for the production of active laccase in heterologous hosts [28, 29] . In our previous study, laccase activity is nearly undetectable (b5 U/L) when the wild-type B. licheniformis laccase was expressed in P. pastoris without copper supplementation. By contrast, a significantly higher activity for D500G (208 ± 8 U/L) was obtained when the recombinant P. pastoris was grown in the absence of exogenously added copper (Fig. 4e) . Apart from improving laccase catalytic activity, mutagenesis of laccase gene may result in increase of correctly folded enzyme. Furthermore, copper concentration of the medium can be slightly increased after optimization, as medium constituents like peptone carry trace amounts of copper. During the induction phase, methanol is fed as inducer and carbon source to support the production of foreign protein. The excess methanol in the medium can, however, have adverse effect on cell growth and production yield. This is due to the accumulation of formaldehyde and hydrogen peroxide, which are oxidized products of methanol by alcohol oxidase [10, 30] .
While P. pastoris is capable of growing well across a broad pH range (from 3.0 to 7.0), pH control is usually necessary for heterologous protein production. As it may affect both the product stability and proteolysis activity [27] , therefore, the optimal pH value of the growth medium is largely depended on the target protein. For example, the highest enzyme activity for β-glucosidase from Pichia etchellsii expressed in P. pastoris was observed at pH 7.5 [12] , whereas the maximal expression level for β-glucosidase from Saccharomycopsis fibuligera was obtained at pH 4.5 [30] . The low pH can severely decrease the expression level of both fungal and bacterial laccases [8, 24] . Hence, maintaining the pH of culture medium in the range of 5.5 to 6.5 may be favorable for heterologous laccase production in P. pastoris. Most processes with P. pastoris are run at a temperature of 30°C or below, since high temperature impairs cell viability and results in folding problems and an increase in protease release [27] . Decreasing the induction temperature from 30°C to 22°C led to a 342% higher activity for leech hyaluronidase expressed in P. pastoris [31] . For the expression of D500G, a cultivation temperature below 28°C caused a remarkable reduction in laccase activity. Generally, decreasing temperature leads to a lower specific growth rate for P. pastoris, whereas no obvious change in cell growth was observed for P. pastoris expressing leech hyaluronidase when it was cultivated at 22-30°C [31] . In the present study, the biomass production was even enhanced at lower temperatures. Similar results have been reported for the production of Rhizopus oryzae lipase by P. pastoris, which may be partially explained by an increase in the average yield of substrate-into-biomass when lowering the temperature [32] .
